Abstract: This paper describes an adaptive learning environment with an open learner model to promote learner reflection. The learner model can be presented using different techniques: textual and haptic. The paper investigates the potential for haptic learner models in terms of whether users can understand a haptic model, and whether they find it useful. Most liked both versions, but of those with a preference, more found the haptic method of interaction useful. However, some liked the textual version, suggesting the need for a variety of methods of accessing the model to be available in learning environments with an open learner model.
Introduction
Adaptive learning environments provide adaptive instruction, tutoring, scaffolding or other individualised learning support. To effect this individually tailored educational support, they require an understanding of the domain that is being taught, the learner who is using the system, and teaching strategies suitable for the particular subject and for a variety of individual users. Domain knowledge is defined according to what is known about the domain, its structure, interrelationships between concepts, etc., and teaching strategies are designed based on an understanding of relevant pedagogical considerations. The way in which adaptive learning environments maintain an understanding of the individual learner is to create a model of the user's beliefs (e.g., knowledge, difficulties and misconceptions), inferred during their interaction with the system. This may be derived from the student's answers to questions, the time they spend viewing information on different topics, their route through material, the help topics viewed, etc. This learner model is used in conjunction with the domain model to allow the learning environment to infer appropriate teaching or guidance strategies to suit an individual's current learning needs. Examples of such systems include the ELM-ART Lisp Course (Weber and Brusilovsky, 2001) , which provides navigation support, recommending suitable topics for an individual to study according to the contents of their learner model; and INSPIRE (Papanikolaou et al., 2003) , which suggests sequencing of materials and activities on computer architecture, according to a learner's preferred approaches to studying. While each of these environments makes individualised recommendations, they also allow the learner to have control over the interaction, i.e., in these systems, the learner is not forced to follow the system suggestions (as is the case with some adaptive learning environments).
Learner models are typically not seen by the user, but are used primarily to adapt the environment as appropriate for the individual learner, such as described above. However, allowing the student modelled to have access to their learner model data gives them additional information about their learning process and current understanding, providing them with another tool for learning. This can result in a greater insight into their achievements in a subject area, and where they need to focus more effort. A survey of 44 students in the Electronic, Electrical and Computer Engineering department at the University of Birmingham found that most would welcome the opportunity to view their learner model if it were open to them, as a means to prompt their reflection on important issues and problems (Bull, 2004) .
1 This is despite this being an essentially reflective process, while many engineering students are more active learners (Felder and Silverman, 1988) .
Some research has suggested that students will indeed view open learner models when given the opportunity (e.g., Bull and Pain, 1995; Dimitrova, 2003; Mitrovic and Martin, 2002) , while others have found that students tend not to investigate their learner model when it is available optionally (Kay, 1995; Barnard and Sandberg, 1996) . It is therefore too early to draw any general conclusions about the utility of open learner models. Nevertheless, there is increasing interest in open learner modelling in the research literature to show how inspectable student models can lead to another teaching aid, and provide valuable additional feedback for learners. Examples illustrate a variety of contexts where the focus is on the learner model, from schoolchildren as young as 8-9 (Bull and McKay, 2004) , through 10-13 year olds (Zapata-Rivera and Greer, 2004) , to university students (Bull and Pain, 1995; Dimitrova, 2003) . Given this growing enthusiasm for opening the learner model to users, coupled with the mixed results of studies to date, it is important to discover the conditions under which a student might benefit from accessing their learner model, and might be encouraged to view their model.
The manner in which a learner views their learner model is dependent on the particular system. For example, skill meters (partly shaded bars indicating the knowledge level of the student as a subset of expert knowledge) are used in some systems (Weber and Brusilovsky, 2001) . Others use representations that permit greater detail to be shown to learners, such as conceptual graphs (Dimitrova, 2003) or textual descriptions (Bull and Pain, 1995) . Usually there is no flexibility in the form of access to the learner model in a system, and there has been limited research into varying the interaction method used when inspecting the learner model. However, Mabbott and Bull (2004) found that engineering students have different preferences for how they choose to view their model, when multiple representations are offered.
1 These preferences were not related to individuals' learning style. It may be that, if learners are allowed to access their learner model in a manner that suits them, they may be more likely to take up the opportunity to do so, thereby gaining greater benefit from a system with an open learner model.
In this paper, we aim to extend the findings of Mabbott and Bull (2004) to investigate whether haptic feedback on learner model data might be beneficial to some learners. While there has been very little research to date into varying the way an open learner model is presented within a single system, no research has been undertaken into the potential advantages of a tactile interaction with it. This approach may particularly benefit those learners who prefer physical interaction within the learning process. We introduce an adaptive learning environment that builds a simple learner model, the contents of which are conveyed to the learner textually, or through a haptic experience facilitated by the use of different tactile properties for on screen objects representing domain concepts. The paper examines whether the haptic learner model is found to be useful, and whether students find the haptic or textual version most useful.
The learning environment
While more commonly employed in subjects such as medical education, haptic devices have also been used to interact with virtual systems in engineering education, to allow students to learn through their sense of touch (e.g., Okamura et al., 2002; Williams et al., 2004) . Rather than the main learning interaction, our focus, in this paper, is on the potential for a haptic learner model. This could be used in conjunction with a system providing a haptic learning experience through simulations or tutorials, etc., or with a more conventional approach to computer-based learning. As our concern is with learner modelling, our example system here is a more traditional (non-haptic) adaptive learning environment. This will enable us to evaluate whether any positive results regarding haptic feedback in the learner model are because of the haptic learner model rather than a combination of haptic learner model interactions and haptic experiences in the main system.
The system was designed to support an undergraduate computer graphics course in Electronic, Electrical and Computer Engineering at the University of Birmingham, as many engineering applications require computer graphics. The example in this paper is the graphics pipeline, which is fundamental to the understanding of computer graphics.
However, it is intended that this approach to open learner modelling should also be applicable in other domains.
A learner navigates the system by looking at individualised recommendations, as shown in Figure 1 . These provide suggestions about what learning material should be viewed according to the contents of the individual's learner model, and what tasks should be undertaken next. The learner uses the tree structure to the left of the screen to access learning materials: slides (Figure 2 ), course notes, code examples, exercises, a discussion forum, recommended additional reading and the learner model ( Figures 3 and 4 , Section 3.2). This approach provides guidance for the learner in the form of individualised recommendations, while also allowing the learner the freedom to make their own choices, the importance of which was advised in Section 1 above. 
Opening the learner model
This section describes the learner modelling process. We then present the user's view of their learner model.
Building the learner model
A learner's understanding is tested by individually targeted questions, designed to identify a student's knowledge and elicit any misconceptions they may hold. The questions include ordering given items and multiple choice questions.
The learner modelling technique is relatively simple, sufficient for our purpose of evaluating the potential for a haptic learner model in engineering education. When a question is answered correctly, the student's score for that concept increases by one. If it is answered incorrectly, the score decreases by one. There are at least five questions used to test each concept in order that there is sufficient data from which to make a first attempt at inferring particular difficulties and misconceptions, where these exist. A misconceptions library is used to help identify misconceptions. If four or five questions are answered correctly out of five, then the concept being tested is said to be understood. If two or three questions are answered correctly, then the concept is represented in the learner model as partially known, but with some confusion; and when fewer than two questions are answered correctly, the concept is said to be unknown (but no misconception). Misconceptions are highlighted when there are three or more questions answered incorrectly, and the incorrect answers match information held in the misconceptions library. The Learner Model therefore holds the following type of information (a basic example from the start of the course) -knowledge level (percentage), known concepts and misconceptions:
• known: object and world coordinate systems (70%)
• the order in which the two coordinate systems are defined
• the openGL functions that support the transformation between coordinate systems
• the transformation that takes place between object to world coordinate systems
• misconception: device coordinate system
• misconception 1: the world coordinate system comes before the object, as the world takes into account all objects
• misconception 2: the world coordinate system comes before the object, as the transformations convert world to object.
Areas of difficulty or confusion (which are not misconception related, or a simple lack of knowledge) can be inferred by comparing the number of questions attempted on a topic with the number of incorrect answers that have not been matched with the misconceptions library. The 'don't know' option allows learners to indicate a lack of knowledge.
Viewing and interacting with the learner model
Open learner models can vary in the level of detail and the complexity of information shown to the learner, as described in Section 1. As an initial investigation, the presentation of the learner model in our system has been kept quite simple. If the haptic model proves useful, its effectiveness can then be investigated further with information available at greater levels of detail. Learners can choose the format of learner model they wish to use. The two methods of presenting the learner model are illustrated in Figures 3 (textual) and 4 (haptic). Figure 3 gives a textual description of the concepts the learner knows, areas of difficulty and the misconceptions that they may hold. This is accompanied by a weighting to show how strong or weak their knowledge of each of the concepts is, and the strength of evidence for the existence of misconceptions.
The setup in Figure 5 shows how a learner uses the SensAble Technologies PHANTOM haptic device (http://www.sensible.com) and Reachin Display unit (http://www.reachin.se) to interact with their haptic learner model illustrated in Figure 4 . This provides force feedback in 3D environments, also allowing objects to have various tactile properties such as hardness, softness and friction. It allows users to feel the physical properties of 3D objects that are present on the screen. Figure 4 displays a 3D scene with haptic feedback where 'concept spheres' are presented alongside a textual description to allow the learner to both view and physically inspect their learner model. A control sphere is provided on the left, which illustrates to the learner, the state that they are aiming for at their current stage of learning. The spheres on the right show the learner's current level of understanding of the relevant concepts. The better the learner understands a concept, the more closely matched the spheres on the right will be with those on the left, in terms of both visual and haptic properties. Concepts are displayed in various shades of green, depending on the level of understanding; and shades of orange if there are difficulties. Misconceptions are red. Haptic properties are hard for known concepts, with spheres feeling softer if a concept is less well known. The property of magnetism is used for misconceptions to draw learners towards the problem, with the aim of encouraging them to investigate the issues. Thus misconceptions feel 'soft and sticky'. The more severe the misconception is, the 'stickier' it feels.
The two methods of accessing the learner model provide the same informationknowledge, difficulties and misconceptions, together with an indication of the strength of knowledge or misconceptions. The provision of multiple ways of inspecting and interacting with the learner model allows the learner to choose between the two methods, to select the approach that suits them best. Learners have been shown to be able to select their preferred view of an open learner model when the choices are between various graphical and textual presentations of the learner model (Mabbott and Bull, 2004 ). This choice is expected also to be straightforward when learners are selecting between viewing a textual summary and viewing and interacting with a haptic learner model.
Is a haptic learner model useful?
An experimental study was conducted to determine whether users are able to use a haptic learner model, whether they consider it beneficial for their learning and whether they prefer investigating their model using a textual viewing or a haptic interaction. The haptic model necessarily combines graphics with haptic feedback, and also uses some text -to state what the concepts and misconceptions are (i.e., it uses three modes of presentation/interaction). We are therefore not aiming to make a direct comparison between the haptic and textual models in terms of whether one is better than the other. However, we are interested in whether there may be differences in learner preferences, which would suggest a need for providing quite different methods of accessing the learner model, for different learners.
Participants
Participants were 20 level 3 and 4 university students, studying either Computer Engineering or Computer Science.
Materials and method
A ten question paper-based pre-test, comprising multiple choice, item ordering and open questions, was administered to assess each student's initial understanding of the target domain. This took approximately ten minutes. For the purpose of increasing the students' appreciation of the tactile element of the session, a demonstration of the PHANTOM was carried out, using various interaction techniques. Participants then performed a simple task using the PHANTOM haptic device, in order to familiarise themselves with the unusual method of interaction. This took around five minutes. Each subject then undertook a learning interaction with the system, completed an exercise and finally inspected the textual and haptic learner model. Subjects were able to return to learning material or either version of the learner model at any time. This interaction occupied 30-45 minutes. The sessions were video-recorded. A ten question post-test (of the same format as the pre-test) was administered, which lasted about ten minutes. Subjects then completed a questionnaire about their experience of using the system and the open learner model. In this paper, we focus on the open learner model results, in particular, the utility of the haptic learner model; and whether subjects preferred using the haptic model or the textual version. Responses to questionnaire statements were on a 5-point scale: strongly agree (5), agree (4), neutral (3), disagree (2) and strongly disagree (1). The post-interaction questions took around 10 minutes.
Results
The average score for the pre-test was 25%, and the average for the post-test was 58%. While we are not here evaluating the extent to which the system facilitates learning, it is nevertheless important to demonstrate that the evaluation of the learner model took place in the context of an effective system. The breakdown of test results is given in Table 1 .
Table 1
Pre-test/post-test scores (out of 10)
Results S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20
Pre-test 3 4 2 2 3 5 3 4 4 3 5 3 5 4 6 3 2 2 7 3 Post-test 7 7 5 8 5 7 6 8 5 4 7 5 8 5 7 5 4 6 7 6
Of the 20 students, 19 improved between pre-test and post-test, with one student scoring equally on each. The latter student was the one with the highest pre-test score (S19). The range of scores for the pre-test was 2-7; the post-test range was 4-8. Improvement between pre-test and post-test ranged from a 0 point increase (i.e., same score, as mentioned above) to six points. The latter was one of the students who scored lowest on the pre-test, who subsequently obtained one of the highest scores on the post-test. Table 2 shows the number of students giving each response on the questionnaire, with reference to whether the haptic and textual learner model access methods were understandable and useful. Responses are also given for whether students found the open learner model helpful for their learning in general (i.e., not with reference to either method specifically). For convenience of analysis, the mode and range values are also given. Table 2 shows that most users found having an open learner model useful (final row), with only 4 neutral responses and no negative responses. Most users agreed that the haptic learner model was both understandable and useful. The scores for the textual learner model were lower, with more learners giving a neutral response. Nevertheless, there were still a large minority of students who found the textual version understandable and useful. Table 3 provides a breakdown of the number of students preferring one form of the learner model over the other, in terms of how easy it was to understand, and how useful it was for their learning.
Table 3
Preference for learner model presentation/interaction
Preferred version Understandability Usefulness
Haptic 8 8
Textual 4 2 Haptic and textual 8 10
While Table 2 illustrates the understandability and usefulness of the two versions of the learner model, Table 3 shows learner preferences for the two versions. Half the learners found both options for accessing the model equally useful, and 40% found them equally understandable. There was, however, a difference between results for students who had a preference for one version over the other, with a large minority (40%) preferring the haptic learner model -finding it more understandable and useful as a learning support, and 20% and 10% finding the textual model easier to understand and more useful, respectively. Table 4 gives the level of knowledge at the start and level of knowledge at the end of the interaction, and the increase in performance between pre-test and post-test, for those who found one of the methods of accessing the learner model more useful than the other, and for those with no preference. For ease of visual interpretation, asterisks have been used to illustrate the scores. Thus, of those who found the haptic learner model more useful, two scored 2 on the pre-test, two scored 3, one scored 4 and so on.
Table 4
Pre-test and post-test scores for students according to learner model preference It can be seen that there is a spread of starting level and final achievement of those preferring the haptic model, from scores of 2 to a score of 6 on the pre-test; and scores of 5-8 on the post-test. There are only two students who prefer the textual model; therefore it is not possible to look for patterns amongst the data. Nevertheless, it is interesting to note that the two students have quite different levels of performance, with scores of 3 and 7 on the pre-test and 5 and 7 on the post-test. Learners finding the haptic model more useful also had a variety of degrees of improvement, with two learners improving only 1 point between pre-test and post-test, to one student improving six points. It is not possible to identify patterns with the two students who preferred the textual model, though it can be noted that they seem quite different, with one not improving between the two tests (this learner scored high (7) on both), and one improving two points (but amongst the weaker students at both pre-test and post-test stage). There are no obvious differences in the results for those learners with a preference for a particular version of the learner model, and those who found the two versions equally useful. (Table 2) . Thus an open learner model, in some form, is likely to be of benefit to learners such as those in our sample. Twelve of the twenty learners considered the haptic model understandable and a useful learning support, while a lower number found the textual model understandable and useful.
Discussion
Our aim in this study was not to determine whether a haptic learner model or a textual learner model should be used in a system. We are also not claiming that an open learner model (of any kind) should necessarily be useful for all students. This is likely to depend very much on learners' preferences regarding the learning process. We simply wish to discover whether there are sufficient learners who would find a haptic model beneficial for their learning, to make it worthwhile implementing haptic models as an option for those who prefer to use these, over other presentations of learner model data. The results in Table 3 suggest that this is, indeed, the case. Although 50% of learners found the two versions of the learner model equally useful, and may therefore be satisfied with either, 40% felt that the haptic model better supported their learning. While this is a minority, it is a large minority. Fewer students preferred the textual version of the open learner model. Nevertheless, this still supports our view that the haptic option should be only one of the approaches to accessing the model that the learner can select to use, as it is clear that this was not the best method for all learners. This accords with Mabbott and Bull's (2004) recommendation that students be provided with different views on their learner model, extending that recommendation to include a haptic interaction, where appropriate equipment is available to students.
In order to discover whether preference for (and therefore greater use of) the haptic or textual version of the learner model might better facilitate learning, Table 4 shows the pre-test and post-test scores, and extent of improvement, of students preferring each version. The scores of those students who found the haptic model more useful, vary in line with the group in general. Thus there appears no difference in learning gains between those who find the haptic model more useful, and those who found the two versions of the learner model equally useful. There are too few students who preferred the textual model to draw any conclusions based on that preference, though our two examples are quite different. Recalling our earlier observation that allowing students to access their learner model in the manner most suited to their preferences, might lead to more learners accessing their model and therefore gaining the associated learning benefits, seems valid in the context of our results. Neither version of the learner model was associated with greater learning gains, but some students did have a clear preference for the method by which to access their model. Thus it appears a matter of supporting student preferences to encourage learner model inspection, rather than prescribing an 'ideal' form of interaction with the learner model.
This was a 'single-shot' laboratory-based evaluation, and therefore does not necessarily reflect what would happen in practice. Students may well inspect their learner model when they initially use a system, but would this interest be maintained over time? Even short-term inspection of a learner model may be sufficient, in some cases, to raise learner awareness of their difficulties, and help students to develop into more reflective and autonomous learners. However, it would be interesting to discover the potential longer-term use of a haptic learner model. Our results have provided the essential starting point for further work. A major question for follow-up work is whether those who found the haptic approach useful, would continue to use it over a prolonged period. In such a longer study, we would want to investigate the use of the haptic learner model as is, and also a more detailed version -such as a structured learner model where, for example, prerequisite relationships between concepts can be displayed, or a more detailed breakdown of topics and sub-topics, or conceptual relationships.
Our learners were all computer-literate subjects. While valid for our engineering students, these results may not easily generalise to a broader learner group. This would be a useful further investigation.
A major issue, in terms of the likelihood of students having a haptic learner model available, is the cost of the equipment required. Our system was developed using existing equipment in the Electronic, Electrical and Computer Engineering department, at the University of Birmingham. However, it is not necessary that such expensive equipment be used. More affordable approaches have been employed in other interactive learning environments (e.g., Okamura et al., 2002; Williams et al., 2004) .
Summary
Textual and graphical open learner model presentations have already been investigated in a variety of contexts. This paper has suggested the potential for a haptic learner model to support learning for those students who prefer this approach.
The findings from this initial evaluation have provided some positive results. It was felt by the majority of users that the haptic learner model allowed them to reflect upon their learning. The majority of learners found it just as intuitive to inspect the haptic learner model as the textual one, and some preferred using it. Nearly all users found that inspection of their learner model was helpful to their learning. We therefore recommend providing haptic learner model interactions as options in addition to more standard methods of accessing the learner model, where such facilities are available.
